In many parts of the world, the magnitude and frequency of cold-season precipitation are expected to increase in the near future. This will result in an increased magnitude and duration of winter and spring flooding by rain-fed streams and rivers.
Stream riparian zones are ecotones that constitute the transitional area between aquatic and terrestrial ecosystems. The riparian zone starts at the stream and extends across the floodplain, including the whole area that is influenced by the waterway (Gregory, Swanson, McKee, & Cummins, 1991; Naiman & D ecamps, 1997; Naiman, D ecamps, & McClain, 2005; Verry, Dolloff, & Manning, 2004) . Riparian ecosystems are of great ecological importance because they are characterized by high biodiversity and provide several important ecosystem services, including the storage and purification of water and the provisioning of spawning habitat for fish (Capon et al., 2013; Naiman & D ecamps, 1997; Naiman, D ecamps, & Pollock, 1993; Richardson et al., 2007; Verhoeven, Arheimer, Yin, & Hefting, 2006) . Their high plant diversity is caused by strong environmental gradients (Naiman et al., 1993) : Riparian plant communities are structured across the riparian zone according to differences in the specific niches of the species, based on hydrology and soil properties (Fraaije, ter Braak, Verduyn, Breeman, et al., 2015; Silvertown, Dodd, Gowing, & Mountford, 1999; Str€ om, Jansson, Nilsson, Johansson, & Xiong, 2011) and on the differential arrival of plant seeds with rising and falling water levels Soons et al., 2016) . Particularly, strong species sorting occurs at the lower elevations close to the stream, where seed arrival, plant establishment and survival are determined by flooding (Fraaije, ter Braak, Verduyn, Breeman, et al., 2015; Silvertown et al., 1999) .
Riparian ecosystems along lowland streams are often regarded as vulnerable to climate change due to their sensitivity to changes in precipitation (Catford et al., 2013; D ecamps, 1993) , resulting in changes in their hydrology and, subsequently, their vegetation (Garssen, Baattrup-Pedersen, Voesenek, Verhoeven, & Soons, 2015; Garssen, Soons, & Verhoeven, 2014) . Considering flooding, the timing, frequency, magnitude (water depth) and duration of inundation are all critical for the arrival, establishment and survival of plant species (Fraaije, ter Braak, Verduyn, Breeman, et al., 2015; Garssen et al., 2015; Van Eck, Lenssen, Rengelink, Blom, & de Kroon, 2005; Van Eck, van de Steeg, Blom, & de Kroon, 2004; Voesenek, Rijnders, Peeters, van de Steeg, & de Kroon, 2004) .
Seed transport by water is an important dispersal mechanism in riparian zones (Moggridge & Gurnell, 2010; Moggridge, Gurnell, & Mountford, 2009 ), which contributes to species sorting along the hydrological gradient Soons et al., 2016) . Mechanisms of plants to subsequently germinate and tolerate flooding are largely species specific and further define their distribution along the riparian gradient (Chen, Qualls, & Miller, 2002; Fraaije, ter Braak, Verduyn, Breeman, et al., 2015; Garssen et al., 2015; Visser, Colmer, Blom, & Voesenek, 2000; Voesenek et al., 2004) . Additionally, riparian plant communities may be affected by increased sedimentation during flooding events, which often results in large inputs of nitrogen (N) and phosphorus (P) into the riparian system (Craft & Casey, 2000; Kronvang, Hoffmann, & Dr€ oge, 2009; Noe, Hupp, & Rybicky, 2013) . More indirectly, inundation influences biogeochemical processes that control nutrient availability (Olde Venterink et al., 2006) through depletion of oxygen in upper soil layers (Beumer, van Wirdum, Beltman, Griffioen, & Verhoeven, 2007; Drew, 1997; Mitsch & Gosselink, 1993) . In anoxic environments rich in organic matter, denitrification may decrease N availability (Hefting, 2003) , while phosphate mobilization may increase P availability ("internal eutrophication"; Roelofs, 1991; Mitsch & Gosselink, 1993; Smolders & Roelofs, 1993; Smolders, Lucassen, Bobbink, Roelofs, & Lamers, 2010) . Finally, strongly reduced conditions may also lead to a build-up of phytotoxin levels in the soil, such as sulphide, a harmful substance for riparian plant species (Lamers, Tomassen, & Roelofs, 1998; Smolders, Lamers, Den Hartog, & Roelofs, 2003) .
Species shifts following flooding may thus lead to increased or decreased riparian species richness, depending on the nutrient availability and climatic and hydrological status of the catchment (Garssen et al., 2015) . While laboratory and glasshouse experiments have examined the effects of flooding on the performance of selected plant species at specific growth stages (Garssen et al., 2015) , ecosystem responses are complicated and cannot simply be derived from summing the responses of individual species determined under laboratory and glasshouse conditions. Only very few studies have investigated flooding effects at the ecosystem level experimentally, for example focusing on flooding effects on exotic species using natural experiments (Greet, Webb, & Cousens, 2015; Lunt, Jansen, & Binns, 2012) . These studies showed that flooding resulted in an decrease in exotic plant species already after 1 year of flooding. It was our aim to investigate empirically the effects of increased flooding duration and water depth on entire riparian plant communities and soils under natural conditions. For this purpose, we carried out a series of field experiments that actively manipulated stream water discharge and associated flooding events. Such experiments have rarely been performed in the past, due to the major effort and costs involved as well as difficulties in obtaining approval by water boards and potential stakeholder conflicts (Str€ om et al., 2011) .
Our study took advantage of a unique European research network (EU-funded FP7 project REFRESH) to run a three-year field experiment in five European lowland streams (Figure 1 ). We conducted this field experiment to specifically investigate the following:
(1) the overall responses in riparian plant species richness, composition, biomass, seed arrival and plant-available N and P to increased flooding duration and water depth, (2) the environmental variables that correlate with changes in species composition, and (3) the extent to which seed deposition results in the arrival of new species and contributes to species turnover.
| MATERIALS AND METHODS

| Study sites and experimental design
Five riparian areas in Denmark, Germany and the Netherlands were selected for the flooding experiment ( Figure 1a ). In Denmark, the riparian areas were situated along a channelized agricultural stream (Voel bӕk, Figure 1b ) and a more pristine forest stream (Sandemandsbӕkken, Figure 1c ). These riparian zones were formerly used as grazing land for horses and cattle. In Germany, the riparian area was 
| Measurements
During each manipulated flooding period (6-8 weeks), in-stream water levels were continuously monitored in piezometers with a screen over the complete buried length, using a Diver â ; manual measurements using a sounding device were carried out in similar piezometers at all sampling points at the start of the experiment, 
Verloren beek Oosterhuizen (NL)
Groote Molenbeek (NL) +20 +8 +5 a Due to topographic differences, this average increase in water levels was higher compared to the first sampling point. 
| Data analysis
The overall responses to increased flooding depth for riparian plant species richness, biomass, plant-available N and P and seed deposition were examined by regression analysis and using a set of linear mixed models (LMMs, type I sum of squares). We here present the results for the data collected from the final experimental year We summarized the variation in riparian plant species composition using unconstrained correspondence analysis (CA). In this CA, the plant determination data were entered and the summary was 
| RESULTS
The flooding treatment was successfully applied for an average of 6 weeks each year. At the Danish streams, the difference in water levels between the control and flooding sections was less noticeable compared to the Dutch and German streams, especially at the first sampling points along the riparian gradients (Table 2) . At the third sampling points along the riparian gradients, the Verloren beek Oosterhuizen and Boye sites showed an opposite difference in water level between the control and flooding sections. This was mainly due to a steeper riparian gradient at the flooding sections at these sites, compared to the control sections.
| Riparian plant species richness
Pronounced negative responses of riparian species richness to increased winter flooding were generally detected along all streams after 3 years of manipulation. In 2013, species richness averaged 8.7
and 5.9 species per plot for the flooding-treatment and control sections, respectively (Appendix S2). Relative species turnover rates in the flooding section plots were higher compared to the control section plots (75% vs. 61% of the total number of species; F I G U R E 2 Schematic cross section of the stream riparian gradient and location of sampling points (1 (low), 2 (middle) and 3 (high)) in relation to average water levels.
[Colour figure can be viewed at wileyonlinelibrary.com] Appendix S2). At the flooding sections, species richness and water level were significantly negatively related (p = .003), while no such relation was found for the control sections (p = .536; Figure 3a ).
LMM revealed a general negative (cor)relation between species richness and water level and a (almost significant) positive interaction between section and water level, which indicates that the negative effect of the flooding treatment was more pronounced at the lower plots (higher water levels; Table 3 ). Additionally, plant species richness was negatively related to total plant biomass and plant-available N (Table 3 , Appendix S3).
| Riparian plant biomass
In contrast to what was observed for species richness, a strong positive relation between plant biomass and water level was detected for the flooding sections (p = .002), while no such relationship was found for the control sections (p = .558; Figure 3b ). No general relation between biomass and water level was observed, but the interaction between section and water level was significantly negative (Table 3) , supporting the observation that there was only a positive relation between biomass and water level at the flooding sections. Furthermore, biomass was also strongly positively related to site temperature and soil extractable P (Table 3 , Appendix S3).
F I G U R E 3
| Extractable soil N and P
The linear relationship between extractable soil N and water level was nearly significant for the flooding sections (p = .074), and the control sections showed no evidence of such a relationship (p = .809; Figure 3c ). Patterns related to extractable soil P and water levels were less clear (Figure 3d ). In the LMM, however, extractable soil N and P were both positively related to water level (Table 3, Appendix S3), indicating that extractable soil N and P increased following the late winter flooding treatment.
| Seed and sediment deposition
In contrast to vegetation species richness, a positive relation was found between species richness of deposited seeds and water level, | 3059
The manifested changes in species richness may be caused by the increased levels of extractable soil N and P, which resulted from the winter flooding treatment. Increased levels of extractable N and P measured early in the growing season may indicate a rise in available N and P for plant uptake during the growing season and are likely to explain the increased biomass. We did, indeed, observe a positive relation between biomass and extractable soil P. The rise in biomass, in turn, may have contributed to the lower species richness, via increased competition for light or random species losses (Bobbink, Hornung, & Roelofs, 1998; Hautier, Niklaus, & Hector, 2009; Stevens, Dise, Mountford, & Gowing, 2004; Suding, Collins, & Gough, 2005) . Particularly, the enrichment with P, via deposited sediment, is expected to increase riparian nutrient availability following flooding (Beumer et al., 2007; Walls, Wardop, & Brooks, 2005) .
Despite the finding that extractable soil P did not correlate with sedimentation in our study, we still found a strong relationship with increased flooding. This might be explained by the fact that the Garssen et al., 2015; Sarneel & Soons, 2012; Voesenek, Van Oorschot, Smits, & Blom, 1993; Voesenek et al., 2004) , and it is known that inundation is a driving factor for community assembly and species sorting along hydrological gradients Silvertown, Araya, & Gowing, 2015; Silvertown et al., 1999) . A diversity decline in the flooding sections is also not unexpected as there are more facultative than obligate wetland species. Our results demonstrated that overall, species turnover rates per plot were high and relative species turnover rates in the flooding sections were higher compared to the control sections. Across all five streams, on average four of the original six species per sampling plot disappeared between 2011 and 2013 in the flooding sections and were replaced by three new species (Appendix S2). Particularly, at the lowest elevation sampling points in the flooding sections, species losses on average exceeded species gain (2.7 species lost vs. 1.6 species gained), probably due to the strong flooding disturbance, while at the mid-elevation sampling points and all plots in the control sections, species losses and gains were more or less balanced.
Interestingly, the composition of the species pool of arriving seeds, from which new recruitments could originate, was very different from the species composition of the existing vegetation across the riparian zone in the first experimental year. We found evidence for the establishment of several deposited seed species in the riparian zone. On average, 26% of the newly established species composition in the flooding sections was equal to the species composition of deposited seeds found in the first experimental year. Most of the arriving seeds were deposited around the zero water level or average flood line, indicating that most seeds arrived via hydrochory (Soons et al., 2016) . Thus, the majority of the arriving seeds appear to have been produced elsewhere, which may assist species turnover following local plant mortality. However, previous studies have indicated that the majority of species arriving in riparian seed traps are common species whose identity depends upon agricultural catchment use Lorenz & Feld, 2013) and that the arrival of rare riparian wetland species is a limiting factor in their ability to colonize newly suitable sites (Baattrup-Pedersen, Brederveld, Jaehnig, Lorenz, Brunzel, & Soons, 2011) . The latter two factors may explain why species recruitment following plant mortality was insufficient to maintain the original species richness levels, at least within the three-year timeframe of the experiment.
| Implications for management
Rapid and consistent changes in riparian plant species communities in response to increased duration and depth of winter flooding are likely to occur, resulting in an "upslope migration" of the zone of riparian species typical for very wet, regularly flooded conditions.
Over a short time span of only a few years, this is expected to result in a reduction in riparian species richness, likely to be attribu- 
